Abstract-Past numerical investigations of the performance of porous media to enhance heat transfer in heliumcooled devices neglected the susceptibility of multi-channel heat sinks to parallel flow instabilities even though experimental evidence suggests it may be a problem for narrow channel devices. In previous work, our simulations have shown that helium micro-jets do not experience changes in flow distribution due to non-uniform heating. However, jets are difficult to fabricate for large area refractory metal components. The same is not true for narrow channel devices filled with porous media. Although these refractory devices are easier to fabricate, the effects of downstream hot gas expansion can influence the incoming flow distribution in multi-channel configurations.
I. INTRODUCTION
Helium cooling has many advantages when used for plasma facing components in the divertor and first wall of a fusion power reactor. Helium is the fluid of choice for highly efficient, high temperature Brayton power conversion systems. It is inherently safe due to its inert chemical properties. It is a single-phase coolant with no possibility of reaching critical heat flux or thermalhydraulic burnout and does not corrode cooling channels or equipment. It is not activated under neutron bombardment and allows for easy tritium separation.
It also has a few disadvantages like low thermal mass due primarily to low gas density. It requires high pressure systems that store an enormous amount of potential energy. Because it is highly compressible, the blower or pumping power is large. It requires larger piping and manifolding sizes and has higher equipment costs associated with turbomachinery.
In the 1990's Sandia performed high heat flux testing on a wide variety of moderate pressure (4 MPa) helium-cooled heat sinks under evaluation for PFC applications. Many of these contained copper and eventually refractory metal (W and Mo) porous media to enhance the effective surface area and provide improved convective cooling. The media ranged in geometry from dense sintered pellets to highly porous metallic foams. The PFC mock-ups also evolved from single channel designs to multichannel configurations [1] .
Changes in thermal response due to flow non-uniformity appeared during electron beam testing at Sandia's Plasma Materials Test Facility. They sometimes resulted in runaway surface temperature excursions leading to surface melting. The observations occurred when applying a spatially non-uniform high heat flux over a small area or a single coolant channel in a parallel channel device for cases where the ΔT in the helium was well above 100 o C [2] .
It was noted that until recently, no one reported computational fluid dynamics calculations predicting flow maldistributions in multichannel devices. Present helium jet designs are not as sensitive to flow mal-distributions because unlike porous media, the jets reside in a low temperature region of the device regardless of the heat flux location and tend to have large, open exhaust ducts [3] . This article presents some preliminary CFD analysis that does predict flow maldistributions in porous media using the ideal gas law and lumped numerical models of the media. Our study provides valuable insight on the limited set of circumstances or boundary conditions under which instabilities or flow maldistributions can occur in porous media.
II. EXPERIMENTAL EVIDENCE

A. Tungsten Sintered Pellet Media
The first all tungsten helium-cooled heatsink tested in the US was fabricated by Thermacore, Inc as part of a Small Business Innovation Research (SBIR) project. Two identical modules were tested in parallel flow using the 30 kW Sandia Electron Beam Test System (EBTS) and its 4 MPa closed helium flow loop. The effects of mass flow variation under heating became obvious when one of the units was replaced with a low pressure drop, bypass tube shown in Fig. 1 . 
B. Molybdenum Foam Media
In 2008, Sandia tested several single channel circumferentially flowed, molybdenum tee-tubes fabricated by Ultramet, Inc using a 60 kW electron beam and a 4 MPa closed helium flow loop.. One of the devices appears in Fig. 3 . During the testing temporal variations in the surface temperature distribution occurred under constant gun power and mass flow rate. Hot spots would form on either side of the central slot and wander back and forth across the slot during long 5 minute shots. This is evident in the IR thermagram shown in Fig. 4 . The effect was most notable on the slotted mock-ups with no foam or with high porosity foams exhibiting lower pressure drop. It was not observed in the mock-ups containing more dense foams also characterized by higher pressure drops. Helium ΔTs over 100 o C were common. The devices were tested to several MW/m 2 (8.5 MW/m 2 peak) with the helium absorbing as much as 27 kW in power. Details of the design and results are published in [1] , [5] and [6] . 
A. Round Tubes -Large Channels
The parallel channel round tube geometry with inlet and outlet manifolds appears in All solids in the models discussed are composed of pure tungsten. For these conceptual scoping comparisons, the simulations used constant values for k th =163 W/mK, Cp=134 J/kgK and tungsten density of 19.3 g/cm 3 . Helium is treated as an ideal gas, and the density is therefore temperature dependent. Localized gas expansion can produce changes in the velocity distribution caused by localized heating. This alters the dynamic pressure drop in a channel and affects the mass flow rate leading to a flow mal-distribution or instability due to temperature. The reference pressure is 4 MPa.
B. Open Tee-Tube
To reduce the cell count, the tee-tube geometry only includes the fluid channels and a 1-mm-thick tungsten faceplate. The 10 g/s mass flow enters in the center slot and then splits at the bottom of the faceplate to return along each edge. Although the slots are 50 mm long, they are only 5 mm wide at each exit. The inlet duct is 10-mm-wide. The geometry showing an imprint of the 12 mm x 50 mm heated area appears in Fig. 7 . A cross-section shows a portion of the 769 k hexahedral cells in the flow channels. Three prism layers were used at the fluid/solid interface. 
C. Foam-filled Tee-Tube
The geometry for the foam-filled tee-tube is identical to the open tee-tube, except a 85% porous tungsten foam is inserted in the volume just beneath the faceplate similar to the insert shown in Fig. 3 
IV. RESULTS AND COMPARISON
The following presents the results of 3D steady state CFD calculations with conjugate heat transfer. We performed over 1500 iterations using the Star-CCM+ explicit RANS solver with a standard k-ε turbulence model. The wall treatment includes the CCM+ two-layer all-Y+ model that is a hybrid approach combining the low Y+ treatment as Y+ approaches 0 and the high-Y+ treatment as Y+ exceeds 30. The turbulent viscosity ratio in the near wall layer is determined using the shear driven Wolfstein model [7] . Figure 8 shows the steady state temperature distribution in the tungsten body. At the extreme of 30 MW/m 2 , the surface clearly melts, but the simulation neglects the phase-change. Lower conductivity refractory metals are more susceptible to flow instabilities because the temperature tends to stay localized compared to high conductivity metals like copper that effectively spread the heat load. The temperature dependent helium density distribution appears in Fig. 9 . The density is much lower under the heated area close to the tube wall, but quickly increases inward in the radial direction. Because the channel is large, most of the mass passes through the cool lower part of the tube, rather than flow in the other colder channel. The velocity magnitude is also higher under the heated area. Only slightly more mass flow passes through the cold leg of the device. The total pressure drop is 4% higher in the heated channel compared to the cold leg. Therefore, large round tubes exhibit very little change in flow distribution due to non-uniform heating. 
A. Round Tubes -Large Channels
B. Open Tee-Tube -Small Channels
The steady state temperature distribution on the faceplate of the open tee-tube appears in Fig. 10 . The peak temperature is well above the tungsten melting point. A transverse cutplane in the center shows the temperature distribution in the helium gas. It is clear that the channel on the heated side experiences a large temperature increase. The density distribution in Fig. 11 shows much lower density in the hot leg than the cold. The velocity increases due to gas expansion in the hot leg which also raises the dynamic pressure drop. The result is more mass flow in the cold leg than the hot. More heat flux results in higher temperature and a reduction in mass flow. The geometry, magnitude and location of the heat flux can significantly reduce the mass flow in the hot leg. This finding is consistent with our experimental observations of the Ultramet test article. By changing the location of the heated area, it was possible to direct more mass flow to the colder leg [8, 9] .
C. Foam-filled Tee-Tube -SmallChannels
The steady state temperature distribution on the faceplate of the foam-filled tee-tube appears in Fig. 12 . The peak temperature is 2147 o C. A transverse cutplane in the center shows the temperature distribution in the helium gas. It is clear that the channel on the heated side experiences a large temperature increase. The density distribution in Fig. 13 also shows much lower density in the hot leg than the cold. Like the previous case, the velocity increases due to gas expansion in the hot leg which also raises the dynamic pressure drop. This behavior is apparent in high fidelity modeling of gas flow through foam ligament structures [10, 11] . Higher porosity foams behave similarly to the open tee-tube. The geometry and location of the heat flux function as a thermal switch that controls the mass flow in the hot leg. A comparison of mass flow averaged results from the three models appears in Table I . Channel 1 is the heated leg. The 70% porous foam-filled tee-tube showed the highest outlet temperature difference of 806 o C and the largest flow maldistribution of 32%. The open tee-tube had a 166 o C temperature difference and a 16% difference in mass flow rate. The Ultramet experiments revealed that dense foams do not produce such a dramatic difference and are more resilient to instabilities [9] . We postulate that the higher static pressure drop in dense foams dominates the increase in dynamic loss due to gas expansion. V. CONCLUSIONS
These numerical experiments showed mal-distributions of helium mass flow are more prevalent in refractory metal devices with small channel sizes under significant heat load producing helium ΔTs of several hundred degrees. Large channel, high thermal conductivity devices are not as likely to develop flow distribution problems. Also, high pressure drop, dense porous media devices are more resilient to instabilities than higher porosity devices at the cost of more pumping power.
